Since the lithium ion battery inception, very little research has been devoted to the binder materials. 1 As the statistics of the market research showed, polyvinylidene fluoride (PVDF) dissolved in organic solvents, typically N-methyl-2-pyrrolidinone (NMP), has been the binder of primary choice for cathodes in commercial Li- 15 ion batteries. In addition to the PVDF binder, the styrene-butadiene copolymer (SBR) and carboxyl methyl cellulose (CMC) is now used in almost 70% of all anode materials as binder. [2] [3] [4] The CMC and SBR provide a few advantages such as more flexible electrode, higher binding ability with a small amount, larger battery capacity 20 and higher cycle performance. However, CMC and SBR can only be used for negative electrodes in the reduction atmosphere, it's not suitable for positive electrodes because of the double bonds exists in the binder, which are prone to be oxidized. 5 PVDF has good electrochemical stability, adhesion to electrode and current 25 collector materials, however, the absence of active functional groups such as carboxyl and hydroxyl make the PVDF can't have certain chemical linkage with the active materials. Moreover, PVDF requires the use of volatile organic compounds that are often toxic (like NMP) and are not easily disposable at the end of the 30 battery production process. [6] [7] [8] In order to cope with the increasing demand for environmentfriendly and sustainable production technologies, water soluble synthetic and low cost Eastman AQ TM 55S polymer (EAQ) is proposed here for the first time as an alternative to the conventional 35 PVDF, CMC and SBR binders. 9 The EAQ polymer is cheap, water soluble, and harmless. Initially, it was produced by Eastman Chemical Company as an ingredient for cosmetics and personal care applications. The EAQ polymer has a high viscosity in water with the inherent viscosity of 0.29-0.37 dL/g. Besides, the EAQ 40 polymer is the certified biodegradable products. The polymer binder is found to be at least seventy percent biodegradable after just 28 days. Based on its molecular structure, EAQ has abundant active hydroxyl groups on its surface that can make it have the potential to be attached to the active materials with chemical bonds.
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Based on these advantages and the potential for the binder for various lithium ion battery electrode, 10 we exploited the use of EAQ as binder based on the modified graphite in an aqueous suspension. 11, 12 So far, many anode materials such as silicon, titanium oxides, tin 50 composite oxides, nitrides of lithium and transition metals, and some novel alloys have been investigated, but graphitic carbon is still proved to be the dominating material especially on the electronic products because it exhibits a high specific capacity, a desirable charge potential profile, and superior cycling behaviour. 55 Hence, we choose the graphite as the specific anode materials to investigate the performance of the EAQ polymer binder. It is generally known that there are a lot of structure imperfections and defects such as sp 3 -hybridized carbon atoms, edge atoms and carbon chains in graphite especially in natural graphite because of 60 its incomplete graphitization during the natural formation process. [13] [14] [15] These structures are prone to attack by oxidants and some of them would be removed after the oxidation reaction. Consequently, the surface structure of the natural graphite will be changed after the oxidation reaction. Natural graphite can be mildly 65 oxidized by air, oxygen, carbon dioxide, and ozone, or fluorinated by fluorine gas. Here we introduce an effective liquid-solid interface oxidation reaction using nitric acid. The standard potentials of nitric acid partial decomposition products can be > 1.5 V. When its solution is heated, its oxidation capacity will increase 70 further. Here, we use the heated nitric acid solution as the oxidant to modify the nature graphite.
16, 17
Initially, the natural and modified graphite/EAQ binder was used for the aqueous processing of graphite anodes without conductive additives. The aqueous slurry was mixed by a defined amount of 75 the graphite and EAQ binder to meet the desired weight ratios. The galvanostatic discharge-charge cycling performance of the natural and oxidized graphite using EAQ and PVDF polymer binder separately is showed in Fig. 1 A series of research work have been carried out to improve the cycle performance of graphite anode, such as employing smaller particles, 18 preparing graphite/nanopowder composite, [19] [20] [21] and oxidizing or purifying the graphite. Under the summarization of former works, the natural graphite without surface modification 5 suffered both the lower capacity and the problem of long-term cycle performance. [22] [23] [24] As showed in Fig. 1a , the reversible capacity of natural graphite was 210 mAh/g when using EAQ polymer binder compared to about 170 mAh/g when using PVDF binder during constant C/10 cycling. The coulombic efficiency of 10 both electrodes all keep stable up to 99% after the first few cycles during the next 100 cycles. To explore the mechanism for the better performance of EAQ compare to PVDF, the oxidized graphite with more carboxyl group on its surface was used as the anode material as illustrated in Fig. 1b . As expected, the performance of EAQ 15 polymer binder when using the oxidized carboxyl enrichment graphite is much better than natural graphite, which is stable at 370 mAh/g and closed to the theoretical capacity of graphite. Also, we can see the morphology of the obtained oxidized graphite before and after combined with the EAQ binder in Fig. 1c and d under 20 field emission scanning electron microscopy (FESEM). The EAQ binder distribute uniformly on the surface of the oxidized graphite. The higher current discharge-charge performance of the EAQ/Oxidized graphite is also showed here in Fig 2a, when the discharge-charge current increased to C/2 the capacity can be stable 25 at about 330 mAh/g and 280 mAh/g when at the current density of 372 mA/g. The coulombic efficiency of each higher current density all can reach more than 99% during the whole 200 cycles. The detailed galvanostatic discharge-charge profiles of the EAQ/oxidized graphite electrode cycled at C/10 is also performed 30 ( Supplementary Fig. S1 ). The first discharge curve shows a sloping profile that can be mainly ascribed to the solid electrolyte interface (SEI) formation. Clearly, lithium ions can rapidly pass through the thin EAQ layer to reach the graphite active material throughout the 250 cycles. According to Fig 2a, we can also find that the thermal 35 stability of the EAQ binder/oxidized graphite electrode is quite well since there is no decrease after the ambient temperature increased to 60 o C. To investigate the effect of the proportion of the EAQ binder, we vary the binder percentage from 5 wt% to 20 wt%. As illustrated in Fig. 2b , the capacity decreased to about 350 40 mAh/g when the percentage of the EAQ binder increased to 20 wt%. Simultaneously, when the percentage of EAQ binder decreased to 5 wt%, the capacity decreased a little to about 340 mAh/g. The first cycle coulombic efficiency of oxidized graphite anode with 10 wt% EAQ binder is 95.2 % which is higher than 5 45 wt% EAQ binder with the value of 85.1 %. This result indicates that an optimized binder percentage (10 wt%) is beneficial to the lithium diffusion and stability of the electrode (Supplementary Fig.  S2 ). Furthermore, the electrochemical cycling performance of the CMC/oxidized graphite (1/9 weight ratio) was d evaluated using deep charge/discharge galvanostatic cycling from 3 to 0.01V ( Supplementary Fig. S3 ).
The peel test for both EAQ and PVDF binder combined with the oxidized graphite is specifically conducted. According to the profile ( Supplementary Fig. S4 ), when around 0.8 pound force was 5 applied to the PVDF binder electrode, the coating can be easily peeled off. However, when the EAQ binder electrode affording the two times pound force than PVDF, the coating can still be attached to the copper foil perfectly. The thermal gravimetric analysis was conducted to test the thermal stability of both EAQ and PVDF 10 ( Supplementary Fig. S5 ). When exposed to the nitrogen atmosphere with a ramp 5 o C/min to 800 o C, the water soluble EAQ have a slight weight loss (2 wt%) during the temperature range of water evaporation because of the absorbed trace amount of water. The carbonization temperature of PVDF started at 410 o C which is 15 about 100 o C higher than the EAQ polymer. The properties of the EAQ and PVDF binder are summarized in table 1. The inherent viscosity of EAQ can also achieve a sufficient binder force not only between the active materials and the copper foil but also among the active materials. 20 To clarify the better binder effect between the EAQ binder and the graphite materials, the surface structure is the key factor to investigate. As is well know, the binding mechanisms including the mechanical mosaic theory, adsorption theory, diffusion theory, electrostatic theory, and chemical bond theory. The chemical bond 25 theory exists between the atoms including the ionic bond, covalent bond and metallic bond. Ionic bond force is the generated between the positive ions and the anions. The covalent bond force is generated when the atoms share electron pair. The metallic bond is generated when the movement of the electrons of the metallic 30 positive ions happens. The binding force will increase rapidly when the chemical bond generated on the surface of the binders and the active materials.
Fourier transform infrared (FTIR) spectroscopy studies provide the detailed functional groups on the EAQ and PVDF binder (Fig   35   3 ). As illustrated, the spectroscopy of PVDF is mainly composed of the molecular vibration of methylene and C-F. Unlike the inert structure of PVDF, the EAQ exhibits a broad absorption band at around 3500 cm -1 related to the hydrogen bonded O-H stretching vibrations, a peak at around 1700 cm -1 corresponding to C=O 40 vibrations. To evaluate the interactions of EAQ binder and oxidized graphite, we also explored the different active groups on the natural and oxidized graphite using the FTIR (Fig 4) . On the basis of the previous literature, 22, 25, 26 some reactive structural imperfections on the natural graphite surface were eliminated after oxidation, and 45 therefore, the decomposition of electrolyte molecules was made less likely. The better performance of the oxidized graphite compared to natural graphite when we use either PVDF or EAQ is the sufficient proof as performed in Fig 1a and b. In the meantime, the surface of natural graphite was covered with a fresh and dense 50 layer of oxides containing hydroxyl, ether oxygen, carboxylic oxygen in −COOR (R = H and alkyl) and carbonyl oxygen. After the oxidation, the increase of the absorbance peak indicates that the relative content of carboxylic oxygen and carbonyl oxygen polymer binder and graphite through the oxidation treatment. 27, 28 Hence, we suppose that the prime mechanism for the superiority of the EAQ polymer binder is the chemical bonds formed in the electrode.
The electrochemical stability of EAQ polymer binder is 10 experimentally verified through the cyclic voltammetry (CV) tests on pure EAQ polymer film ( Supplementary Fig. S6 ). In order to compare with PVDF, both of these two polymer films were coated on the copper foil then fabricated into the coin cell under a mimic condition of anodes in lithium-ion environment. The EAQ binder 15 has nearly the same profile with the PVDF except the first irreversible cycle. This promising stability varies from 0.01 V to 3.5 V imply a wide application in the future.
Conclusions
We demonstrate that the green Eastman AQ TM 55S (EAQ) 20 polymer, which has the potential for use as LIBs binder substitute for conventional LIBs binders. The EAQ polymer binder is operation-environment friendly because it uses aqueous solvent instead of N-methyl-2-pyrrolidinone (NMP) solvent for PVDF binder. Moreover, the EAQ polymer binder has plentiful active 25 hydroxyl groups on its surface, which is different from the chemical inertness PVDF binder. We use the oxidized graphite with carboxyl group on its surface as the anode material.
Concluded from the better performance of the EAQ polymer binder to PVDF, we demonstrate that the formation of the chemical bonds 30 between the carboxyl group on the oxidized graphite surface and the hydroxyl group on the EAQ polymer surface is the key factor. The water soluble Eastman EAQ polymer binder have the potential to convert the tradition LIBs production process from organic solvent and binder based process into a green and water-based
